It has been estimated that almost 5,000 t of hatchery waste eggs (HWE), including infertile eggs, dead embryos, and dead chicks that failed to break out of eggs (Hamm and Whitehead, 1982) , are discarded by the poultry industry each year in Taiwan (Council of Agriculture, 2007). Most of these HWE are either put in landfills or mixed with kitchen waste and fed to pigs. If HWE could be recycled by a profoundly designed processing method, they could be a better source of animal protein feedstuff because of their rich content of lipids, calcium, and CP with superior amino acid composition. Previously, Miller (1984) processed HWE with an extruder after mixing with corn meal at a ratio of 1:3, and the CP of the product was 13.6%. As a result of the instant high temperature of 140°C, Salmonella spp. were completely sterilized. Lilburn et al. (1997) mixed HWE originating from turkeys with soybean meal for processing with either an extruder or an autoclave, and a product mixed by the former had better protein efficiency (BW gain:protein consumed, g:g) than a product mixed by the latter (2.32 vs. 1.31); the Salmonella spp. of both products were not counted. In addition, Vandepopuliere et al. (1977) boiled HWE until 5% moisture remained and mixed the product with regular diets at a ratio of 4:21 for laying hens and broilers. The results showed no negative effect on production. Deshmukh and Patterson (1997a,b) processed HWE by adding Lactobacillus; bacteria in HWE were suppressed successfully but at a cost of lessening the nutritive value of HWE because the amino acids of HWE were transformed and utilized by the Lactobacillus and microbial protein is deficient in several amino acids, including lysine and methionine (Cheeke and Dierenfeld, 2010) . Deshmukh and Patterson (1997a,b) made comparisons between different conditions for fermentation, whereas the other scientists (Vandepopuliere et al., 1977; Miller, 1984; Lilburn et al., 1997) did not evaluate the different processing conditions in the aforementioned literature.
INTRODUCTION
It has been estimated that almost 5,000 t of hatchery waste eggs (HWE), including infertile eggs, dead embryos, and dead chicks that failed to break out of eggs (Hamm and Whitehead, 1982) , are discarded by the poultry industry each year in Taiwan (Council of Agriculture, 2007) . Most of these HWE are either put in landfills or mixed with kitchen waste and fed to pigs. If HWE could be recycled by a profoundly designed processing method, they could be a better source of animal protein feedstuff because of their rich content of lipids, calcium, and CP with superior amino acid composition.
Previously, Miller (1984) processed HWE with an extruder after mixing with corn meal at a ratio of 1:3, and the CP of the product was 13.6%. As a result of the instant high temperature of 140°C, Salmonella spp. were completely sterilized. Lilburn et al. (1997) mixed HWE originating from turkeys with soybean meal for processing with either an extruder or an autoclave, and a product mixed by the former had better protein efficiency (BW gain:protein consumed, g:g) than a product mixed by the latter (2.32 vs. 1.31); the Salmonella spp. of both products were not counted. In addition, Vandepopuliere et al. (1977) boiled HWE until 5% moisture remained and mixed the product with regular diets at a ratio of 4:21 for laying hens and broilers. The results showed no negative effect on production. Deshmukh and Patterson (1997a,b) processed HWE by adding Lactobacillus; bacteria in HWE were suppressed successfully but at a cost of lessening the nutritive value of HWE because the amino acids of HWE were transformed and utilized by the Lactobacillus and microbial protein is deficient in several amino acids, including lysine and methionine (Cheeke and Dierenfeld, 2010) . Deshmukh and Patterson (1997a,b) made comparisons between different conditions for fermentation, whereas the other scientists (Vandepopuliere et al., 1977; Miller, 1984; Lilburn et al., 1997) did not evaluate the different processing conditions in the aforementioned literature.
Traditionally, scientists prioritized controlling the high moisture content and bacterial contamination in HWE to prevent product decay. Nevertheless, it is also important to devise an energy-saving processing method and to prevent the nutrients of HWE from being destroyed during processing. If several factors must be considered simultaneously, response surface methodology (RSM) is an appropriate model because it is a collection of statistical and mathematical techniques use-ful to investigating responses from the combinations of the factors for searching optimum solutions (Myers and Montgomery, 2002) and is acknowledged as an efficient model for optimizing processing conditions, in particular by the microbial industry (Lee and Chen, 1997) . When RSM is executed, the method of steepest ascent or descent is used to check suitable ranges for the factors belonging to a first-or second-order response and then the analysis of second-order response surfaces is completed by multiple regression models. Furthermore, the advantages of RSM include not only reducing the number of effective factor combinations tested but also analyzing interactions among effective factors. The aim of the current study was to determine the optimum conditions for efficient recycling of HWE into quality feedstuff in a low-energy process.
MATERIALS AND METHODS

HWE
Once per week for 3 consecutive weeks, HWE originating from broiler breeders were collected from a local commercial hatchery located in Ilan, Taiwan. Each batch, weighing around 600 kg, contained infertile eggs, dead embryos, and dead chicks that failed to break out of eggs whereas eggshells left by new-hatching chicks were discarded. The HWE were put into plastic barrels with caps, transported without temperature control for 1 h, minced with an auto mincer (YSg-51, Yu-Shengguang Food Machine Co., Taichung, Taiwan), homogenized by mixing, sampled for analyses, placed into 10 smaller plastic barrels with caps, and stored in a refrigerator at 4°C. Each of the 3 batches was separated into 2 subsamples. The first (50 kg) was used in experiment 1 to measure influential factors for processing; the second (540 kg) was used in experiment 2 to optimize the processing conditions.
Experiment 1
Time, temperature, and percentage of added water were evaluated individually to confirm factors affecting processing. Protein digestibility in vitro (PDIV) and percentage of DM were analyzed and judged as response criteria. A 1.5-kg HWE sample was poured into a vertical mixer (Hobart C-1001, Troy, OH) with a volume of 3 L, with constant stirring throughout the processing, and then placed in an oven (TK-1000, Yih-Her, Taipei, Taiwan). In the first evaluation, processing time was fixed at 4 h and no water was added to the HWE sample. Under these conditions, changes in the quality of HWE meal (HWEM) were observed individually when the temperature was set at 60, 75, or 90°C. In the second evaluation, no water was added and one of the previous 3 temperatures (75°C) was used as a fixed factor. Under these conditions, the quality of products was determined when the processing time was 4, 6, or 8 h. Finally, the optimal temperature (75°C) and time (8 h) were fixed as the percentage of added water was 0, 10, or 20% and the quality of HWEM with the different levels of added water was compared. For the sake of accuracy, every test was replicated 3 times.
Experiment 2
Time and temperature were shown to be the most influential processing factors to the PDIV and DM content of HWEM in experiment 1. Therefore, 9 combinations of time and temperature were applied to RSM for optimizing the processing conditions of HWE. To reduce the possibility of error, every combination was chosen at random and tested 3 times. The HWE (60 kg) were poured into a double-layer horizontal mixer (DLH-003, Peng-An Technology, Taipei, Taiwan) in which water bathing was used and the machine continuously mixed the components throughout the processing to maintain a stable temperature within ±2°C.
The percentages of CP, true protein (TP), moisture, ash, and lipids in HWE and the consequential product HWEM were analyzed according to AOAC (2000) . The
Kjeldahl method was applied to analyze percentage of CP. Concerning percentage of TP, samples were mixed with 20% trichloroacetic acid at a ratio of 1:5, votexed, and filtered, and then precipitation was analyzed by the Kjeldahl method. The analysis of moisture content was conducted by oven drying. Lipids were extracted with petroleum benzine by using the Soxtec system (HT 1043 Extraction Unit, Tecator, Foss, Hillerød, Denmark), dried in an oven (DK-600, Yih-Her, Taipei, Taiwan), and weighed. Calcium levels were analyzed by an atomic absorption spectroscopy (AAnalyst 200, PerkinElmer Instruments, Waltham, MA) according to a method reported by Annino (1964) . The phosphorus levels of samples were analyzed with a spectrophotometer (Metertek sp-850, Instruchem Inc., Manila, Philippines) in accordance with a method reported by Quinlan and DeSesa (1955) .
The analysis of percentage of PDIV was modified according to the method reported by Alonso et al. (2000) . Approximately 0.5 g of milled sample was weighed and mixed with 12.5 mL of pepsin solution that was prepared with 200 mL of 0.1 N HCl and 2 g of pepsin (2,000 U/g, Merck KgaA, Darmstadt, germany). After incubation at 41.5°C for 40 min with shaking, the mixture was combined with 2.5 mL of 0.52 M NaH-CO 3 solution and water (pH 6) up to 35 mL to adjust the pH value. Before shaking at 41.5°C for 180 min, the mixture was combined with 5 mL of a multienzyme solution that contained 8 mg of trypsin (14,600 U/mg, Sigma-Aldrich, St. Louis, MO) and 15.5 mg of α-chymotrypsin (48 U/mg, Sigma-Aldrich). For ending the reaction, 5 mL of 10 mM phenylmethanesulfonyl fluoride and 5 mL of 0.1 mM EDTA were added to the mixture. After being filtered, residues were analyzed by the Kjeldahl method for nitrogen content. The percentage of PDIV was calculated by the following formula:
(1 − nitrogen content of the residues/nitrogen content of the sample) × 100. Escherichia coli and Salmonella spp. were quantified by incubating with Luria-Bertani agar (Becton, Dickinson, and Co., Sparks, MD) and Salmonella-Shigella agar (Becton, Dickinson, and Co.) according to the methods reported by Lennox (1955) and Pollock and Dahlgren (1974) , respectively. Briefly, 1 g of sample was dissolved by 9 mL of sterilized PBS and diluted to 10 −5 to 10 −7 of the original concentration, sequentially. After smearing by the final diluted samples, the agar plates were incubated in an incubator (model 620, Hotech Instruments Corp., Taipei, Taiwan) at 35°C for 24 h and then the colony-forming units of E. coli or Salmonella spp. were counted by a colony counter (Acolyte Synbiosis, Synoptics, Cambridge, UK) with Acolyte analytic software (version 2.08A, batch 13062007, Synoptics). The analysis of peroxide value (mEq of active oxygen/kg) was conducted in accordance with procedures reported by Mehlenbacher (1960) . The amino acid composition of HWEM samples was analyzed according to the methods described by Wei et al. (2009) .
Experimental Design and Statistical Analysis
Experiment 1 consisted of 3 tests and each checked a single processing factor with 3 levels. Each level contained 3 replicates so that 9 processing trials were conducted randomly for 1 test. Data were statistically analyzed using the gLM procedure of SAS (SAS Institute, 2009), and differences among groups were determined using Duncan's multiple-range test after ANO-VA (Montgomery, 2008) . The criterion for statistical significance was P < 0.05. In experiment 2, RSM was employed according to a central composite design that included 1 run at the center of a square and 4 runs at the corners of this square plus 4 axial runs; this design is very useful to fit a second-order response surface model. Usually, the model is established by building mathematical formulae to predict the optimal response criteria of factors (Box and Wilson, 1951; Myers and Montgomery, 2002) . The Design Expert 7.0 Trial program (State Ease Inc., Minneapolis, MN) was used for data analyses to set up the formulae.
RESULTS AND DISCUSSION
The effects of temperature on the percentages of PDIV and DM of HWEM when the processing time was fixed at 4 h are shown in Figure 1a . Although a significant increase occurred in percentage of DM at each increased temperature level, 75°C was chosen for further processing because the percentage of PDIV derived at 90°C was significantly lower than that derived at 75°C. The influences of processing time on the percentages of PDIV and DM of HWEM produced at the fixed temperature of 75°C are presented in Figure 1b . A significant increase in percentage of DM with increased processing time was observed, and only the DM content of HWEM acquired from 8 h of processing was over 90%. Although the percentage of PDIV of HWEM resulting from 4 h of processing was significantly higher than that from 6 or 8 h of processing and no significant difference existed in percentage of PDIV after 6 and 8 h, 8 h was chosen for further processing because of the lower moisture level. The effect of water addition on the percentages of PDIV and DM in HWEM when processing temperature and time were fixed at 75°C and 8 h is shown in Figure 1c ; the data indicate that the quality of HWEM was not affected by the addition of water in HWE.
According to the results of experiment 1, 9 combinations of the 2 factors, temperature (T e ) and time (T i ), were adopted by a central composite design to process HWE randomly. Energy consumption (using an electric meter), measurements of quality, including the percentages of PDIV, DM, CP, and TP, and the counts (cfu/g) of E. coli and Salmonella spp. in the products are shown in Table 1 TP (%) = 37.73; R 2 = 0.
[6]
These equations were used to predict the optimal response criteria for the processing factors and checked by ANOVA, which was used to confirm whether the factors, including the first and second orders, and their interaction in the equations were independent variables or not by statistical significance (Myers and Montgomery, 2002) . Results are presented in Table 2 . h. An increase in percentage of PDIV would occur by increasing the processing temperature and time when the temperature was less than 61°C. On the other hand, percentage of PDIV would be affected negatively when the processing temperature and time were higher than 61°C and 21 h, respectively (Figure 2 ). Percentage of PDIV was chosen as the main response among the components to analyze the quality of HWEM because protein is generally considered as an expensive nutrient in feedstuff.
Besides infertile eggs, HWE contain dead embryos and dead chicks, and therefore muscle and connective tissue in the HWE were denatured by short-time heating, consequently promoting protease-mediated hydrolysis. However, damage to the structure of amino acids resulting from exposure to high temperatures has been recorded in the literature (Nesheim and Carpenter, 1967; Hurrell et al., 1976) , which would reduce the nutritional value of the feedstuff. Therefore, appropriate processing temperature control is crucial to enhance the protein digestibility of such a feedstuff.
In addition, a quality feedstuff should have a moisture content below 13% for preventing fungi and bacteria (Mugnier and Jung, 1985) , and increases in the DM content of HWEM with increasing processing temperature and time would be expected until the percentage reached 100% at a processing temperature of 77°C for 26 h. After this point, further increases in processing temperature or time would have no effects on the percentage of DM (Figure 3 ) but would increase energy consumption. Using Figure 4 as an example, the combination of 81°C for 30 h would consume more energy, 121.1 kWh/60 kg of HWE, whereas the deduced corresponding percentage of DM was the same as that for the combination of 77°C for 26 h, which consumed 103.7 kWh/60 kg of HWE of electricity. To summarize, the highest quality HWEM is expected to have moisture content less than 13%, high percentage of PDIV, and low energy consumption. To achieve such an expectation, the Expert Design 7.0 Trial program was employed to deduce the optimum combination of temperature and time for processing. The combination of 65°C for 23 h was revealed as a superior condition that would produce HWEM with a percentage of PDIV of 90.7% and a percentage of DM of 87% (Table 3) . On the other hand, energy consumption would be only 80.8 kWh/60 kg of HWE. Furthermore, based on Equation [4], with increases in time and temperature the estimation of E. coli counts would be reduced to the bottom (1.85 × 10 5 cfu/g) of an abruptly descending surface shown in Figure 5 . To demonstrate the quality of HWEM produced by the predicted optimum combination, 3 batches of 60 kg of HWE were processed at 65°C for 23 h, and the consequent product of 25.8 kg of each batch was analyzed. Similarities existed in the qualities and energy consumption between the predicted and real values (Table 3) . Thus, RSM was proven as an efficient methodology to optimize the processing conditions of HWE.
For its actual application, HWEM would have been evaluated for biosecurity because HWE are suspected to be contaminated by high levels of E. coli and Salmonella spp. from the excreta of chickens. Both garibaldi et al. (1969) and Aljarallah and Adams (2007) noted that it took only 3 to 4 min to kill Salmonella spp. at 60°C. Before the start of processing, the Salmonella spp. count in HWE was 1,345 cfu/g. However, no Salmonella spp. were observed in the products under the various processing conditions. In addition, the E. coli counts in HWEM were reduced from 7.56 × 10 7 to 8.2 × 10 4 cfu/g. These findings reduced the concern about biosecurity for the application of HWEM in feed.
Because a decrease in the percentage of CP in HWEM was observed with increasing processing temperature and time and ammonia dissipation was observed through the processing in experiment 1, the percentages of CP and TP of HWE and HWEM were measured for comparison in experiment 2. As a result, a decrease in the percentage of CP of HWEM was observed with increased processing temperature and time according to Equation [5] , whereas the percentage of TP of both HWE and HWEM remained the same by Equation [6] . As metabolic waste produced during development in embryos, uric acid and urea are found in the dead embryos of hatching eggs and dead chicks. Urea can be decomposed into ammonia by microorganisms (Mobley and Hausinger, 1989) , after which it is immediately dissolved in water; thus, ammonia was found in liquid homogenized HWE. The dissipation of ammonia would increase during processing by increasing the temperature; this resulted in the differences in percentage of CP between HWE and its product HWEM.
Regarding uric acid, both Noguchi et al. (1979) and Simic and Jovanovic (1989) suggested that it was a natural antioxidant. Thus, free radicals produced by the peroxidation of fatty acids in HWE and long-term exposure to heating during processing were absorbed by uric acid, which would consequently be converted into urea. Moreover, it was believed that peroxide content remained low in HWEM because free radicals were reduced by another natural antioxidant, vitamin E (Wolf, 2005) , which is also present in HWEM.
As produced under the elaborately chosen processing conditions in this research, HWEM has been confirmed as a superior protein supplement. To confirm the superiority of HWEM, it was necessary to make some comparisons with other well-known supplements, such as meat and bone meal, soybean meal, and fish meal (Tables 3 and 4) . Although the percentage of CP in HWEM was lower than that in the other 3 supplements, its lipid and calcium contents were the highest. In addition, among lysine, methionine, and tryptophan, which are considered the limiting amino acids in feed based on corn and soybean meal, HWEM had a higher content of methionine than soybean meal and meat and bone meal despite the lower lysine content in HWEM compared with the latter meal types. The tryptophan content in HWEM, however, was the highest among the 4 supplements. From the aspect of chemical analyses and the pattern of amino acids, HWEM was confirmed as a superior protein supplement.
Response surface methodology proved to be a suitable methodology by which the mathematical formulae concerning the affecting factors of processing and the response criteria were successfully created to optimize the processing conditions for producing HWEM. Moreover, similarities in the qualities and energy consumption between the predicted and real values demonstrated the quality of HWEM produced by the predicted optimum combination of 65°C and 23 h. This study resulted in the development of a superior protein supplement produced by recycling HWE. Sauvant et al. (2004) . 3 From the optimum condition of 65°C for 23 h. 4 PDIV = protein digestibility in vitro. 5 Value for SBM cited from Mehlenbacher (1960) .
